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A sit]~,lc optical CICIIICM capable of boll) wavclcaglb dispersion and imap.iap, would h uscfal for implcmcatiap,
col I)pacl ilna~, inp, spcclmmctcrs. W C hvc Pdbrica(ccl a hyblid lcfldcti\e/clif  flac(ivc clcnlcat lIM accomplishes these ~,oals.
‘1’llc clc]ncnt  is a plaao-cmvcx  ~la& Icp wilb a reflective difl’rac(ivc  sat-face fabricated 61) the platlat side. ‘Ihc cliffiactivc
salface cwllbiacs  a J31amd p,ratiap, aart several fbrms of abcrtatiotl cxawction .~;lhc  sarfam  relief pmfilc was fabricated i],
poly-lt]cihy] mctllacryla(e (1’Mh4A)  by direct-write e.lccttoa beam (l;-llcaIn)  lilllop,raphy follo\vcd by a siii$,lc clcvclopmcnt

>
slcp;  ‘1’hc 8,? mm x 8.? mm cxposare patlcra was corrcctd for both the noaliacar  dose respmtsc  of tl]c I’h4MA  ald tl]c li-
bcaI I proxim  ily cfkcl, Surface  cl~atac(cri~ati(lt~ by atcmic fcmc microscopy rcvcalcd that Ilw p,rdit]g, blwc  profile was
Iiaeat, altlIoLIplI  the p,ratinp was mctctchcci. Optical cllaraclci iza{im included difliacl  ion efficiency Incasarclncvlts,  Jtaifc-
cdg,c spot siw mcawrcmcm(s,  aad (:(:1) spot irtdiaacc pofilcs at maltip]c  wavclcIIF,ll  Is and field positions. ‘1’hc Incasalvd
spot aad field siycs  ttaaslatc  (0 a ccsolu(icm of 65 \vavclcnp,ll) clwanc]s  it] Illc 400” to 700 naI band of intmst ahd 128 spots
almlp, tlIc illlap,iap, clircclioa for a 10 mm catraace  slit.

Kcywmls:  diffract ive optics, binary op[ics, bybrict optical clctncnts,  p,ratiags, ima~,ia~, spcctromelcr, clec(ma-beam
lill~op,rapl)y

1. lNrl’ltol)llC:’l’l{)N

Ilifl’racti\c  optical  elements (l) O1;.s)  Imvc fouacl illcrcawd ap})licalio]i  as ,cIcsigy alId fabl ica(ioll  lllC(hOd$  have
ill]pmvcd ia rcccmt years. IX)lts clisplay uaiqae ptopcr(ies t h a t  call b e  utilized citllc[ iadcpcndcitt]y  or top,clhcr  willI.
tmditioll:lj rcfrfictivc  elements to cahaac.e tllc pet forinaace  and/or mechanical propcr[ies  of opical systclns.  la ll]is paper,  we—
dcsclib?  a singlg hybticl refractive/diffractive clcmgl~~[l]a[ could sctvc as t}Ic central  clcmcnt  in an imag, inp, spccttoa IctcT..

~ and compacl  acccssary all! ibatcs fol lnitliatarc fliph(  vchiclcs.  laSaclI a spcctI OIIICtCI  WON [d bc li~llt wci@]t,  IaQ,g,&
additim], the left-acti\~c/cliff[ac(ive CICIIICII( coald potentially be wp]icatcd  i]) plas(ic fol lo\\I cost. WIIcIl  cmubitlcd  with a low
cm( frol)(-cad i[]l:tp,itlf,/scatlt]itlg, syslcm a n t ]  a  cl~:iI’&,c-cc)LIJIlc(i  cicvicc ((’(’l  )) foc.a] p!aae ar!ay (P J’A),  tl]m\\-a\vay
spcc[totnc(crs  fbr sit)p,le-usc  opcratioa Jllay bcmmc  f e a s i b l e . l;ig,atc 1 illastraks  the hybI id optical clcIncIl(  a ad its
ful)ctiot]alily ia an imag,in~, sJ>ccltomctcr. The slit samples all imap,c of a scene ,  atld tlIc IIyblid  clclllcat disJJcrs,:s al]d
rcimap,es  tllc infor[nfitioa onto a focal J)laac arl ay. Llltialatcly, the ima:,e of the sccac Ivould bc scallacd  acIoss  tbc slit, aad
tl]c spcctml  aad spatial data from tllc lJ’A WOUICI  be clocked out syIIcbIonoasly. ‘I:hc  hybrid optical cicmcllt  is a colnbitiatioa
{)1 a plaI~o-coIIvcx ]cfractivc Icas and a diffractive f,rat is?, atlcl abet [aliml  co]rcctot. fabrication of tllc p,ra(it]ptal~ctl:ttirlt~
corrector was accoln J>lishccl  it] poly-mctl]yl  mcthactylalc (l’MMA) by a sit]p,lc-step clcctrotl-beant  direct \\’titc follrnvcc] by
dcvclopIIIcI\l  aIId alamiaam  coatiap,. The details of the ctcsip,a, fabt icatiwl, sutfticc cll:tt-:ictcti~ atioti, and oJ)tical iesliap, of the
:Iclnclll  arc discussed in this paper. ‘

2. I) JU$I(; N\

‘1’hc  dcsip,a of tbc rcfraclivc/diffrac( ivc clement aimccl to meet tllc follo\vill~, goals. Assuminp,  a 10 mIN high
cIIIIaacc slii, lhc slil was to be disJ~crsccJ and ima~,cd oIIto a 10 Inm sclaat c focal plal~c amy. ‘1 ‘he clcsircd wavclcap,lh band
was 400-’700  nm. ‘1’0 p r o v i d e  caough disJm’siml  aad C]caraacc  for the I;l’A, i( was dccidcd tha( ttlc cc]~tct wavclcll~th,  550
1~111, should be diffracted io the ccatcl  of tbc IJ’A located approxima(cly  ?() mm t’hm the catr:iaec slit. ‘1’hc  elcmcn( was
tilted by ?0 so tba( tbc mmtb  order  \vmIlcl aot fall cm tllc catraace  slit. ‘1’his lilt also illc[cawd {he rcqaircd gyatin:,  period,
casill:, Idbric;itioa,  bLIl dcc]cascd  tbc dispcrsioa. “[’he ilnap,illgj  pmvcr \wi\ pmvidcd mostly  by the refractive clctllent. l(M this
fiml at[clnpt, we dccidcd to set tl]c distaacc fmn tlIc sli( (0 tlIc p,ra(iag to be 1 ()() 11111),  a}d IIcacx a l)liillo-COll  VC!X IIK7  g,lass
klls  Of fOC:ll k’llp,til ] ()() Hllll was ChOSCll  (NC\VIKIIl  ~t’~ ()~d), ] ’01” t]lc initial ~:l:tlil~p, (iCSi~,ll, it W’:IS a\sulllc(l that thC t]lC !CllS



pmiaccs ideal plane waves iackklil  cm tltc p,ra(iap,. ‘J’hc i d e a l  gyalinp, rcficctaacc as a faactim of posiliml y  i s
}’(})): c~pl id)(y)],  wbclr  1])~ Phase qJ(,)l) : ~(sillo,,  ‘1 sill(l ,,,, ))’, k : ?71/}. , i : (- l)l’? , 0,,,, is tbc il)cidcat au:jlc, aacl 0,1
i s  the dcsid fitsl-mdct  diffraclioa aaglc. lot tbc y)]lfig,  aratioa descr ibed above, the incidcm[ ang,lc was 2°, and the
diflractul  atlp,lc \+Ia\ rcqaited to bc 9.3°. I IcI\vc\cr,  bccaasc the clii’fraclioa occats  iilsidc the I’MN4A (11 : 1.49), Smll’s law
I“c(laccs tbcsc aagics to (1 ,,,( = 1.34° and o,, : 6.?3° , aad lltc wavclcap,lb  dectcasrs  to 1: 1 ~1/}~, WI]CIC A (I is the frccspac.e
\\ KtvclciIg,th. ‘the depth of the p,ratinp,  profilr  is then p,ivca by d(,))= AIc1l(JI)  ]nod ?n ]/4n . I Icace the nlaxitnum clcptb is
OJIIY IIalf o f  t h e  lvavelcagtb in t he  l)h4k4A 184 nm for A (, c 550 am. This is advaIIta~,coas  bccaasc saI face mu~hncss
bccmncs a sip,aific.al~t ptoblca] for deep pmfilcs. Jo ftdbt icfitc this p,ratillp,  a<ing 1 i-beam lilhop,l apl]y, wc ljixcli~d tl)c dcplh
}nofi!c iato 0.5 j~m square arms havinf, cmslaa(  dcl)ths. ‘1’his chal]p,cs tile Ii[lcar bla~r itilo a stai]s[cp  bla~c at~d shills the
Itallsilioa points slip,iltly. ‘1’0  iavcs[ir,atc  the iafluencc of ibis pixcli~ation at]d othct f ab r i ca t i on  errors  o]) tl]c pratitlp,
cflicicmy,  l;mrict optics modcliuf,  \vas pclforlncd !Iccaase this apptoach  dots not pmpcrly treat tllc sarfacc relief
bouadary conditions, tlw rmlls me mly approximate. Assam itlp, aa iacidc’tlt plalm wti\K’, (~j,l, (~’): cxp(ik sino ,,,, y) ,  the
diffl”add  allp,llkil SpCC(l”lllll C)f }~kIllC WVCS k ~(1’); /“{[/,,,{ (}’) / ’ ’  ( ) ’ )}  ,  \Vhclc /“{} dcildcs  tlic l;olll”kf’  tl~il~sforl~)  at)r]
v : sin O/A is the spatial frcclacacy  atoap, tile y dircctimi, ‘1’llc rcflcctttacc is Illai calculated dimlly fro]))  the clcptll ptofilc,
)’(J) : Cxp[io’(y)]  , m’(y) ~ 471 d(y)/k . l;ig,arc 2 shows a plol of tbc cflicicmcy  q : I AIO,1 (2.)]12  cosO,1 /cos(l ,,,, for Ibc
moth,  first, and sccoad ciiffmtcd  orclcrs for kc, = 400 to 700 nm.

‘1’hc dcsip,a and mcdcliap,  clcsct-ibcd above addlcsscd tlIc dispersive pctfmmaacc  oftllc gya[ill~,. ‘1’0 iavcs~ig,alc ad
il~lplovc tlIe imag,il)p,  pcrformal~cc, ray tracing wa~ reqaikd. ‘1’0 allow close I+atclI over tltc Iracillp, and optilnimtim  process,
cwdc was ivt il(c!l i[~ h4A’1’l  ,A13  to pctfot’m the Iracinr,. (:ommmcial optical dcsi~,a sofl\vatc  coalcl also have hem  asccl. la
slandard  f:lshion, where a ray inlcrscckd  a lcfractivc sutfwc,  taap,cati:il \vavevcclor  ma tch ing ,  was usd 10 find the ray
direct ion ia tl)c scumd  mcdiaal  (Sacll’s law). Where a ] ay iatcrscctd :i difl”radivc sal face, tlIc local p,ratin:, vector K was
foand frmn the f, I fidicnt of tl)c diffractive elcmcl~t’s phase fanct ion, K z 1’0) ((tic local p,tatittp, pcrid is ?n /lVd)/). If lIIC
diffiactivc satfiIcc was til(cd, K was tilted so a~ to be tattp,ctltial to the sarfacc. ‘1’tlC VCCtOl  ]k(lllCt  COll(liti(H)  \VfiS tllCll lISCCI
[(1 fill(l the lk)qllcl  w’av(’vcctots 0,,, : IL;,,{, - njK insicle the locally pclidic mcdialn, wl~cIe ki,,, is tlIc illcidcal wavcvector
ii~sidc the medium  anti t)l is tbc intcs,cr  Cliffractim  order. ‘1’hc fmw:irci or backward d iffractd w’avcvcct 01’s were foutld by
matchiaf, to tllc tanp,catial compmleats of 0,,, .

tlsia!,  this teci~niquc,  rays wm tmcccl fmn the sii[ lltmup,h lhc tilled lens wili] a reflective ciiflrddivc back salkc.
i[liiialty, lhc ciiffraclivc sarfacc wa$ composd of only the liaear p,ratiag  phase term

QJX,(,( (x,.)’)  = k(sia O,, -1 sin O,,,< )J, (i)

wl~ct c x,y lic in ti)c tilted coordinate system of tbc kas.  Ray tmcinp, thma~l~ ti~is sysIcm revealccl severe abcrratioas  atid a
til(c(i illlap,c fickl ( b l u e  focascd c l ew to tbc ku?s [hall Id cim to tbc na tu ra l  dispclsion of ilK7). Wi th  the k~-bcaa)
Iilllo:,raphy fabricalioa techniqac,  wc arc nd Iimikxl to Iincar pllaw fuaclims. 1 Ieacc adciitioaal pi~asc terms can bc a(icieci to
at [cmpl to cm cct for tbc abcmt ioas. As opimcd to ttyiap, to cmrcct fw all abcwations  at once wi(il a very g,cticml pbasc
fallcliotl, inciividaal tml]s  were a(idcd to concct  fbl spcrific Hbc[la[ioas. ‘1’hc simi)kst comctiml  was 10 use tl~c nc~,ativc
(iispcrsim~  of a rti(iially  syll]mch.ic  l;rcsnc]  lens phase faaclirm  10 cmccl fm tllc chromfitic abctratiml (tiilcci imapj: f i e l d ) .
‘J’hc km phasr fllllcticm that was used was

[] I
( ),.,,,,,., (Y>.)’): ~ J<’<,,,,,,  -1 1“’ .f, ,, ,,),) , (2)

wllcrc r7 : x? -1 j’? a n d  ,~, ,(,,,,,, = 4000 Iilln is the focal lcaglI  of ll~c (iiflractivc  lens. ‘1’his pllaw fatlctioa was doablcd to
accoual for the doable pass liIroupl  I the Ims. ‘1’IIc  focai Icap,ti]  was acijastui  alllii tile positions of best focas for cacil color
nomimilly  fell in a plane that was parailcl to the plane contaitlinp,  tllc siit, la rctrosl)cc[, bct[cr ima?,inp, imrformaacc may have
bccll acbicvc(i if tbc imapje J~ianc i~ad bcca tilted towird  the lay 1101 Inals. ‘[’[lc IICXt  CIt>vi(ms  cot-lectioa ~vas splmical
abcrtat ion, The i)baw faactioa  for this cottcdioa is clctivd froal lhc diffcrcl~cc bct)vccl) l}Ic pilasc of a perfect l~rcsacl Iclls
I i;ci$ (2)] and that of a tbia spherical lens. ‘1’bc phase fallctioll of a tl]ia spllclicai  piano convex Icas is

CD,,,,,,,,,,, (x,.r)  = A[, IH,,,,,  (~o)  lIA(x,J’)  ~ (3)

WIICIC A(.x,  y) ~ (R? - x? Y))l’?  - (l{? - x;, - .)’:,)1’2  , lvith A’ : 5 1 , 6 8  m m  (frwlt sarftice ra(iius of carv:itarc) and
X,,J ~ ~,,, : s 1~1111  (maximam ciislaace from  ori~,  in). ‘J’hc m rector plIasc faactioa  siloul(i  add to iici, (3) to pmdacc  t h e
pu  feel id)asc function, thus

~)
(.!.,lf (,)) (J’! Y) ‘  ~ J,L)r, -1 X2 -1 Y2 .(,.(,,(,,,) ~ol}~,,,,,(~o)  lIA(x,Y)  . (4)



.

‘1’llis pbasc funclirm was also doubled to accoant for tllc dcmblc pass tlltoufl] tllc leas. ‘1’bc  focal lca~,lb ,f,, ,,,{,,,, = 98.7 mm
\\Ias adjNs(cd to nlinimize tbc mot mcatl sqaarc (nns) spot si~c al tbc dcsi~,ll wavclclIfJ1l.  I;ip,arc 3 shows a plot of ~J,,,,,,c, ),,
l;inallyj ia all al(clnpl to corrcc( for tilt aad bi~l~cr order abclralioas,  a polytlomiai pbasc fallctioa was added,

m,,,,,y(x, jJ): k(,’fr~ .)-l l;x2), (5)

will) A , 3.78 x 10-” mm -2 and B = 2,47 x 10” f mm’]
. 1 ‘i~,arc 4 shows ;i plot of 0),,(,(1  . ‘1’llc fil’sl tcl’111  Cot’lc’(’ls for Sol)lc of

tlic till :ibcmlioa  and lhc seccmcl  t e r m  a d d e d  powct ia tl)c vclticzil dircctioa to cowcct fol obsel vcd aslip,malisni. ‘1’bc
cocfllcicats  ,4 and 11 \vcrc founcl b y  using MA’I’1  All’s baill-in sia~ptcx op(ill~ixatioa  loalirlc \t’ith tbc Has spot shc as lhe
mcri( fanclion. \/al  ious otl~cr polynomials were tried, bal addittp,  more lCIIIIS  lcl Idcd to cause lIIC optitliimtion routillc to find
local minima \vbctc lhc pcrfomaacc  was actaally worse. ‘1’bc  total phase faaction used fw the final diffrac[ivc  clcmcnt was

@ I(JI ‘ @$w(  + ? ~)[n<w, -’~ %,.(,,}, “1 @,),,/., ~ (6)

If a g,loba[ optimimtioa  routiac were availabtc, a bct(cr appmacb \voakl bavc bcca 10 keep the p,ra(ia?, ICI III, add a mclially
syllllllclric  parabolic tcrfn to acl~asl t h e  till of tl)c illia~,c f i e l d ,  a n d  tllcn add a ~,cilcral polytlonlial  of tbc forlll
>; A,,(, x’))” w i l l ) ] ,  e v e n ,  to optimim tl)c imap,iag, pcrfomancc. Sc\ctal  comlllcl’cial  ray tt’aciap, pIogwms Ilavc t h e
capability to model SUCI) pbasc fanctions and perform optilni~aticm. l:igarc 5 shows a three dil)]casioaa]  view of rays traced
tllroagb Illc clclucnl from tbc ccalcr  d’tbc sli( al wavclcnp,(hs  400, 550, ad 700 nm, I:ip,arc 6 shows a 10}J view ofthc focal
rcf,ion  of rays at \vtivclcII~,llIs  400, 475, 550, 6?5, 700 nt)l, and \vilb a clcnset ray g,l id, It slIm4’s Ibat tbc field cuwatarc  will
littlil lbc pcrformaacc. l;i~,arc 7 sbmvs tbc spot dia~,ram ia tbc bcsl focal plaac fm 5 dif~crcnl  object poiats along, the hcipl]t
oftllc slil. ‘1’l)c avclap,c nns spot si~c was -54 pm. ‘Ibis  iacticatcs that a l-csolatioa of -180  spots ia tbc vctlical (imag,inp,)
dilcclioa  and --1 ?0 spots ia the Iatcral (wavclca~,lb) clircctioa  woulci  bc possible.

3. J’A’I’’1’IRN  I’I{I)I’ARA”I’1ON ANI) l~AliRl(:A’1’10N
●

(h~cc tbc c{iffradivc s u r f a c e  pbasc faactioa was dclcrmincd,  tl)c dcsilccl d e p t h  ptofik ~vas ~,ivclt by
(.d(x,.)’) ‘ ~(~1 ~J,(,, ~ ,)’) n]d  ?71 ]/4JL n wbcic 2.[, z 550 IIm is tltc dcsigy wavclcllg,lb,  at]d )7 ‘ 1.49 (l’MMA). ‘1’his faadicm

was sampled into 0.5 Ilm sclaatc pixels 10 cmatc a pattcnl of 16K x 16K pixels (K ‘ 1024). 1 Icncc IIIC [olal si~c of  Illc
difl’racli\w  surracc  \vas 8192 ~im x 8192 }Im.  ~omc details of tbc Fdbrica[ioa tcchaiqae  will bc prcscntccl  hcl c, aad I)IOIC
iat’ormzilioa Ma bc foallcl ia Rcfs. 2-8. Ilcforc  Ii-beam \vriliap, Ibc pallcra ill I’MMA, scvctal pattcu~ Imparfitiml  SICIM hacl to
be cawicd cwt. I;irs[, tbc depth dala had to bc cml\/cr(cci to I;-beam dose data M’c have mcasal-ed  the dose rcspoasc of
I)MMA OH qaar(~ sabstra(cs and h a v e  fbtlnd  tbal for 10 SCCOJKI$  of dcvclopmcat in PLII’C  acclonc, the amount  of l’Mhfi  A
removed is ~,ivcn by the c.xponcntial, dcyJ1/1 = );[ckp(do.se / (’) IJ , wbmc }1 : o.??: I 0 , 0 1  IIJI),  (’ ~ 70fl  1.5 @cm2. Ncxl,
tbc dose clala had to bc comclcd  for the I;-beam pmxitnity cffccl cxpmutc  rcsaltillp,  ftom clcdmns  back-scattcrcd frola
ul~dcl lyiar, I)MMA  and from the sabs(witc. ‘Ibis is a vcIy Ilccessat  y comctioll.  I ‘0[ oaf 50 kcV clccllml beam, fally onc-thid
oftl~c cxposarc dose rcsahs  frolu  sacb back scallct in at)y tltlif[)lmly exposed area latp,el thaa 20 ym sqaatc.  Tbc proximity
ell’ccl is cmlmonly  dcscribcd  by a (iaussiaa  n)odcl  for the dose dclmsitioa  faacticm ))(r) = & (t) -1 (1~/71u  2 ) cxp(-  r2/u 2 ) .
W c  bavc cbaractcri~ccl this cf~cct by cwposiagj  aad dcvclopin:,  icctaa~,alat lcp,iol~s, al~d tl)ca profiliaf, IIIC dcptb \villl an
tit om ic fotcc m icroscopc. l~ot I’MMA on qaartz, the mcawlrcmcllts  iadica[cd  that the proxiality  cffccl Iaag,e u ‘ 8.5:1 O.?
Itm al)d tllc alnplitadc q = 0.5:1 ().05. }or a pri[llary l;-beam dose pa[lcrl) dcscribd by )’(r), the actaal cxposarc dose
cxpc[ictlcccl by tbc I’MMA will be l’(r) @ l)(r) wllcrc @ rcjwcscnts ?-l) cmlvolillion. ‘1’t)c cft’cct of lIIC pioxilnity dose can
bc cm]lplclely  C(NllJICllSatCC!  f(u’ by dc]ivct’inp, a mmiificd pat(cra  dose, }“(r)  calculated such tbal l’(r)  ~ /“(r)@ /)(r).  ‘1’bc
lmmillli(y e f f e c t  cot-tcclioa rcqaiml  tbal a 16K x  16K dcconvolalioa bc pel rorIncd  10 dctm [llil~c / “ ( r )  for lhc
p,ratiagfitbcrral ion corrcctm. This pmvcd to bc ratbcl cllallcl~f,itl~,. A special fa<l I:oaricl lratlsfonn routiac  was wrik(cn  that
u(ili~cd  disk s(orap,c  [o hat[dlc pixel pal[crlls up to tbc rcqaircd 16K x 16K, ‘1’l]c code was clc\clopccl and cxccutccl on a 90
h41 IY l’calialn 1)( with 32 Mby[cs of l<Ah4. lo] smallct pat[cras  that fit cati[cly ill I<Ah4,  ibc code wa\ very cfl~cicut  a 1 K
x 1 K clcc(Jll\l{lltlliotl took only 1.2 miaalcs. For the 16K X 16K patkw, bmvcvcr, tllc dccon\~olulion  took 2?.5 I)oars  allct
rcqaircd :i 1.? (ibytc  temporary disk file. Af[cr  clccoll\olLltiotl,  tllc doses are biaticd in(o 61 levels as limi[cd by IIJC li-beam
pat(cn) g,cacrator, atlcl wri(tctl ia (tic fbrma(  (called Jt I)]51 ) !cqaired by t})c JIX)I  ~ patlcrn g,cilct atm. la that format, 16 bytcs
of dala at-t nccdcd  10 describe cacll pixel to bc cxpmcd. la allocaliap, tlIc 64 available cxposalc  doses, bins bavia:, Cqual
Ctch-(lcpth  Slcps IVcrc Clloscn. I’m the 16K x 16K paltcrn,  a JIX)I  ,51 file 375 Ml) lm]g was gct~ciatcd.

‘1’llc Icas was plcpalcd  for writinp,  by spinain?, in sacccssioa five Iaycrs of l’h4MA 01]10 lbc planar sarfacc. ILacb
deposition sccIacncc  inctadcd a bake-mt for 60 miaatcs al 170° (’. ‘1’l]is  rcsalts i]) a tolal filI]J  thickness of apploximatcly  ?.5
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~IIN  Inuc.h Ibickci than rcc]uircd,  but tbe same thickness as wws used for proximity effect calibration. l’riol 10 exposale,  the
s a m p l e  WHS ovcrcoatd with 2(K)  A of alamiaam  which acid as a discharp,c  Iaycr, prcvctltillp,  dcfocusinp,  duc to salPdce
cbarp,c buildup. ‘1’bc  pixel pattern  was then writ[cn usinp, the .lI 01. .IIIX-51)11  clcdma beam too] opmdinp,  al 50 kcV ia its
low rcsola[im  4(1I lens mode. ‘1’bc  ficlcl size lhc dislanrc spantlcd by deflection of lhc beam }vitllou( aced for s[agc nlotion

was 512 IIIn, aI~d at 1 nA current, llIC beam wais[  was of’ tlIc otdcr of ().1 pm. Indiviclual  0.5 pm square pixels were
cxposd by ra$lcril~p,  this bcaln in steps of 0.05 ~IIu, back and forth, with tl]c delay time bctwcca steps acl,justed to p,ivc tbc
dcsii~~d dose. ‘1’bis  ras(cring,,  timinp,, and posi(icming,  were hat)dlcd aatomalicalty  by lltc JIIX-51)11 once p,ivcn tbe comdiaalrs
and dcsird cxpmare  f[w the pixel. “1’hc l;-beam rxposuic  of tllc g,t alillg,htl>crlfttioll corrcdor  took approximately 10.5 hears.
Af[cr  cxposHIc,  tl~c alaminum overcoat was Icmovcd  with dilute AX 400K pl~ototcsisl  dcwclopcr  and lI]c film was dcvclopcd
ill putt acctonc for 10 seconds, ‘Ibis  was accomplished Llsitlp,  a Solitcc spiahrr  cqaippcd willl an clcctmnically  cotllrolld
‘1’ridak  rcsisl dispenser. ‘1’hc Ict]s \vas sputl at 1 ()()() I{l)M wbilc (be acdonc  was squit-lcd down at the center ofmta(im. AI tbe
ctId of lllc 1() sccoms,  lIK.- acctonc was alwaplly cat off and Icplaccd  by a bla~l of dty nitrogen which qucnchcd  tlIc
dcvclopmcnt and at tbc same, time clriccl tbc sat F~cc of IIIC  I ’MMA. I(illally,  an alatllinutl) Coatitlp, ?()()() A thick was
cvapcmlcd onto tbc film to provide bi!$ rdlcctivily.

AfIcI fabrication, tbc surface was inspected \vitb at) optical microscope, a scannin~, cicc(roa  microscope (SIIM), and
profiled will) al) atomic force micmscopc (Alh4). optical itispcctioa  al 1 ()()()x  ]-cvcald no majm flmvs in the clcmeat,  but
(he l;-beam field bounrlarics  were visible. lj-l>calll ficl(l s(itcl,il~g,  crr(~l~ call [}C a  sip,llificatlt  problcln  for Iarg,c a r e a
Cxposurcs,  but the SIIM inspections sllowc(t  thal the field stitchin?,  error \vas at mosl half of a pixel (0,25 lLin) for tbc
outcrmos(  fields. Iiif,urc  8 shows an AI;M scaa of approximatcty 5 pcrids  of tllc sal-~icc neat the coracr of ttw pat[crn. ‘1’he
otl”scts ill the p,ratillp,  steps are dac to the pmcnrc of the abct[atiml  corrccticm phase fanctim.  Fig,aw ~ is a CIWSS  section Of
tllc seal) sl}owillp, lbr gyaiing, ptofilc. ‘1’bc blare appears lit~c:it, itldicatia!, tbal tbe proximity effccl correction wcwkcd  well.
1 IOWCVCI,  the maxinlum depth is approxima(cly  230 nm apploximatcly ?5% dccjwr tball tllc dcsitcd dcjdb of 184 1)11[. ‘J’his
lucaas that tllc p,ralia~, should have maxinlum  cflicienry  for 685 nm rattle! tb:iti 550 nm. l’ossib]c  explatlations for the clcplh
clIol  atr clldn~,cs ill dcvclopcl  temperature and aluminum  ovcrcoal thickness bcttvccn calibration rans and tbe prodacticm
rIII~.  ‘1’hc  difkrcnt  substrate (IIK7  rather tll:in fascd qaattz)  may have also played a role. “1’hc  AlJh4 scan also S]ICWS sar~dce
mupl~l)rss  \vllicll will cause diffuse scatteril~p,. ‘1’hc ccntcr  faccl in lip,. 8 was fit to a plane and the I ll]s roap,hncss wtis
calculatcct to bc p = 10 nm. Wbea subs(itatrci into an approxima[r fbrmula for lo!al itltcgwtcd  scallering,,’)  7YL$’ : (471p  1 k)2 ,
tliis prcclicts  a scxllcring  fraction ofabmi 5% at S50 nm.

5. O1’-l’IC;AI , ‘1’lE4’l’lh’[;

5.1. Kfficjcncy Incasurcmcnts

Several optical tcsls were carficd out to cl~ardctcriw the dcvicc pclforlllatlcc ‘l’tic diffrficlion cflicicncy  was
mc:isarcd  by forusinp, a 633 ]~ai 1 ICNC lasm beam 10 a spot find allo\viap, tllc beam to expand ai~d slip,htly uIIdcIfill  tbc
f,ratinp,. ‘1’l)c posilicm of the fc)cal spot was approximately in the slit posilion. ‘1’bc po\vcr in (I)C incident beam and the
difli acted OKICIS  wcw mcawred  usinp, a photoclioclc ctctcctor. ‘1’able 1 snows tllc mcasarcd dif[’ractiwl  cfficicncirs.  ‘1’hc  first
order dlicicncy \vas --660A, and all the other cmlcrs had vcly lcI\v cflicicacj. ‘1’hc hip,]] prcfclclltial diffltictimi into tllc firsl
mlcr for 633 nit] is a rcsalt of o\~cretcbing  the p,rating,, Antirctlcclicm C(Jatill~, tllc ICIIS \YolI]d  have likely increased tllc fIf’St
order  cfficicacy by --8°10.

5.2 Knife-dgc spot siv,c measurements

lmagiap, pcrfbrmaarc  was also invest ip,atcd usitlp, the I lcNc lasct. ‘I”bc beam wa~ ap,aiu focusccl to a small spot in
tllc slil positiml find lhc clement was carefally aligylcd accordiop,  to tlIc dcsigql ‘1’bc beam fclcasitl:,  ]ens for this trsl was of
Ilip,llcv powcI, causia:,  the cxpatldin~  beam to overfill the p,ratinr,. Knife-cdgr tcsls WCIC thcII prrfol mcd on the iniiial beam
focus (acling, as a point source)  anti the first-mdcr ctiflractcd focal spot. This was accomplished by scfinninr,  a r:izor  blak
across tllc focal spot usinF, a motoriml  mic.rometcr :ind record illp, the tt msmiltccl  potvcr on a cbal [ rccoI dcr. Scam ia bdb
the vc]tical and horimatal  directions were pcrfcmllccl. ‘1’0 iavcstip,.%c the pcrfomance  along, llIr lcnp,ll)  of a 10 mm Iligl]
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‘1’al)lc 1. h4eas11rcd  dift’rac[iol~ cflicicacics

ad diffasc scaltcrin[~

h4cas111cd I; flicicncy

0.36 ‘k

0.48 %’0

0.48 yO

0.60 %
().96 9’0
66.3 %

0.84 %(0

0.24 %

2’9,7 %

entrance slil, the systcm was rcalif’,acct to simala(e  poiat sources al 5 mm above aad below cctltcr. l’able II sllllllllatizcstllc
Icsal(s.  ‘1’hc  values  qadcd are lk widt}ts  that conl:;  ia 800/0 oflhc ltaasmilld twain cncrp,y. ‘lhistcsl  slig,l]tl>t ]]](lcrcslil]]alcs
tlIcspd si~.cbccaascaa  iatcgra(icm~ftbc  irla(liat~ce]  );ilfillclt{ )tl]ckt~ifc-c(l:,c  is it~hctcat in the lncasaremcl~t, NCVCIIIICICSS,
IIIC  spd si~,cs were cacOarag,ia~,. Fm aa imaf,c bci~bl of--l O ma), the vertical spot wid(hslvou]d  suppm[  a rcsoluliol) of
~ 150spds. 11 O W C V C I, Ihistcsi  waspcrfmwccl  at a sitl:,lct$,avclctlpjll,  aad asdiscusscd  in Sec. 2,tbc field curvature will

‘1’al)lcll.  Ktlifc-cdp,c  l]lcastlrcci s130tsi7cs(  (ll]()tcci\  \icitilscO l]lail18( JYOOfll  c:tt]]eIlcrp,y)

l“””-?”---.” “ .  - - - - - ‘ - - -

spot 1 Imimatai  (I m X) Wi(ith Vcl(icai  (x) I Ici?,ilt

]Ilput 13 ~1111 18 }1111

‘1’op of ilnage fictci (-l 5 mm) 66 }Ila 57 ~(m

[;cntcr  of image ficici (O mm) 62 ~1111 40 Jllll

Ilollom of imag,c ficlci (-5 mm) 76 }1111 66 ~1111

.“

5.3. hllllti])lc \vavcIcllgtll sl)c)t[)yofiic  tllcas[lrclllctlts
.

‘lo ii~\cstip,atct i~cl~cIforl]~allccov crtl~c\\a  vcicl~~,tilbal~ (ic)fit~t  cIcst(4() (l-7() ()t~l~~)at~( iat t~lllitii)lc ficici}~osiii  ol~s,a
illcltloc}licltl~ c[cl:itld(~ (~l)c:trllcr[i\v  crctlscdassllo~\l]  in lip,. lo. A iol[m core oplicai fibcrwasinscrted  into tilccxilsiit of
lilcll~(~]l()ci\ r(llllctcr all(itilc  oti~clc ll(i\~'ast lscdast  llcl~()itlts olltcct  otcsltilci clls/~,lalilly,s[l cclt()lllclcrcicl llcllt. Tilcsystcm
was aiip,ilcd as cioscly as possii>ic to lhc (icsi~,a spccifica(ions , and then Iiic (X1l)  (iclcelor was posiiioncci  to fltld tl)c bcsl
focaii)lal]c.  'l'l)cdcf()ct)scciz  croti)or  dcl\\'asot] scrvccit()  ija\/c:tc iatks(]t larcrcg,  i(I]]  inti~ccentct,  it~(iic:ttirl~, tilattiic p,tatit)F,
\V:iS OVClfiilcci  as (icsilc(i. ‘1’i~c first micrfocal spot iiia(iiatlcc  ciistri[>llti(~  l]s}lctc ca]~t~lrcci  usiii:ja  ftamc ~,tabbctatlciN III
Il]];l~,c  s()f(\*arcr  iltlllitlg,c ~llah4acil]lc)si~ llx. l:ocaisI>ots at\4'a\clclip,li~ s4()(),475,550,625,  atl(i7()()]  ~l]l\\'crct ake]lfclrillilllt
simt vcrlicai posilirms  ofx (), :1?.5, :15 mm to simaialc ti)c 10 aim clltraacc siit. ‘1’i]c cfllcicilcy of tile p,ra(in~,  at 400 Ilal
w:is ciaitc imv ciucto ti)c p,ratiap, ovcr(icvcio])lllctlt. Al~~ot)ta~,c (~ fti~c]~)casllreci  itta(iial]ccdi stribll(iol~sis  si~(~~vt~ ia lip,. Il.
‘1’IICIC  isaol]c-to-c~l)  ccottcsl~otldct] ccl> ct\\cci)til cs]~cltssilo\\tl it] Fi:,, 11 aa(iti)mc  itltilcsl)(l((iiaf,iatll  ofl;ig,.7.  IIowcvcl,
ti]c[iistal~cc l>ctt+ccl~t i)cs}>c)tsi  l]tllclig,. 11 (iocst~ot  rei~rcscl~t  tiic:lcttlai  ciistal~cc bct\\cct]t  ilcs]}ots( )l~tllc(1(~Il.  ‘1’iwwi(iti]
of tile fici(i ia tile wavclcnptil (iiredioa  \vas 6.7S mlnj whici] is Siigiltiy iarg,cr tilaa tile prcdictc(i wici(ii  Of 6.54 mill. ‘1’hC
s p o t s  si)o\vcci more abcrralim] it] ti]c wavclcllp,li~ (iircclioa tilan in tile imap,il]p,  ciircctioa aii have a taii to\varcis longer
\V[lVCiCllF,[iK, ‘1’ilcsc  abcr[alicms arc scmcwhat worse tilaa prcciic(cci (compaw to lip,. 7 ) .  (naiiblation mcasarcmcals
(ictcmlillc(i [ilal c:ici) pixci in tile irraciiat]ce ciistritmtiotts  rcyfcsenls  ai>iwoxil)tatcly a 13 p m  x 13 ~lm a r e a . Qaa]ititativc
aaaiysis of ti)c siml data has not been pcrf{mncd, ba( illspcctioll in(iicatcs that mos[ of the cncr!,y ia the simts is contaiaccl
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wilbitl an ti pixel wide by 6 pixel IIipll atca. ‘1’llis Concspoads  to spot sizes of 104 Ilm x 78 }Ltu.  [:oasidcting,  tbc size of the
imap,c fklrl, this translates into a resolution of 6S wavclcn~,lb  (Iatcral)  spots ( A), = 5 II  IN/SpOt)  x I 28 imag,c (vertical) spots.

6. [:ONC1,  IISION

overall, mr cffmi tO<dcsiga  ad fal.wicatc aa element that pctfmmcd bdb wavelct]p,lb dispcrsim  and imag,ingj was
sacccssfa]. ‘1’bc  dc.sip,n m a y  bavc bccl] impmvcd by tiltiap, Il)c focal plane Iow’ard  t]lc ]ctls atld illc]uding a mwc ~),el]cra]
abcrtatioa  cmwctim phase fancticm. I;abticaticm  could bavc bcca imprmcd  by usit]p,  all antilcflcction ma[cd Icns and
Calibrtilit]f, tbc 1 Lbcam proximity effect for 1’Mh4A ml IIK7 :,lass. If l’Mh4A  is nd durable ctlmpb  f(w tllc cnviml]mcnt  of
opcralim~,  tbca citllct an etching process to ttaasfcr  Ibc profile itllo tbc sabstratc? or rcplicatim  in a lli~,ll datability plastic
coul(i bc implcmcntcd.

7. AC: KN()\$/l,lCl){;  MltN’1’S

W C g,[atcflllly  ackumvlcclg,c Thomas Chrica, Mic}]acl llastwmxl,  and (itc:,wy  IIcatman fbr allowin~, us to usc tbc
tcs[ equipment ancl facilities of the Airlmmc Visible/lnfrarcd lma:,ing Spcctwmctcr  (AVIRIS)  laboratory at .lct IYo]mlsion
I ,abrmtmy.

‘1’hc rcscarc}~ clcscribccl ia this paper was pcrforlncd  by tbc (Ica(cr  for Space h4ic.mclectrm]ics ‘1’ecl~I]oIogy,  Jet
l’mpulsicm  I ,abmalmy, Califmia lnslitalc  of ‘1’cd~nolopy. l:undia:, was pm’idcd  by tbc IIallistic  Missile I )cfci~sc
olp,anim(ion / innovative Scicacc and ‘1’ccl]nolop.y  office, tl)c National Acrmlau(ics  at]d Space A{iminis(ration / [) fficc of
Space Access and ‘1’cchno!ogy,  aacl by tbc .lct l’mpulsicm  1,alm atmy l)ircc(or’s Rcscarcb and I)cvclopmcnt l’utld
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Figure 3. Spbcrical abcrratim  corm[ion  p]lasc functioa.
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h’igurc 4. l’olynomial aberration cormctioa phase fanclicm.
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l~igure 5. Rays traced from center of slit to the focal plane (z 6 mm) ftw A 4(K),  550, and 7(K)  nm.
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1~’igarc8.  Atomicf orccmicroscopcsc  aa oftllediffractive  sllrfacc [lcatacort~ct  oftl~epattcrtl.  Offsets ia
ia Ibc g,ratil~g  stcJ>sarc dllctotl~e  prcset~cc oftbe  abcrraticm cwrectim  pbascfaaction.
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l~iguty9.  Gosssectioa ofl~ig.  8. Maximam  etch clcptb is-230  ntn. RMS rougbacss of the ccatcr  facet
(fit to a plaac)  is -10 nm.


